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The ruffed grouse Bonasa umbellus is an important game bird whose populations are responsive to forest management (Gullion & Alm 1983) . Consequently, there have been many studies of its ecology, population trends and habitat use (e.g. Bump et al. 1947 , Rusch & Keith 1971 , Gullion 1984 , Rusch et al. 2000 . The ruffed grouse is a forest-dependent species that often exhibits population fluctuations of approximately 10-year duration (Gullion 1984) . Male ruffed grouse have a unique breeding display called 'drumming', where a male produces a low-pitched sound by rapidly beating his wings back and forth. Air rushing to fill the vacuum created as the wings are pulled back generates a miniature sonic boom (Rusch et al. 2000) . This display allows the bird to be detected in forests that are usually very dense. Most male ruffed grouse drumfromanelevated displaystage,usually alog,and this log marks the centre of their territory (Archibald 1975) . In contrast to males, females are not easily detected. However, while they nest in a variety of forest types, the young, dense forests typically used by drumming males year-round are also believed to provide ideal habitat for non-breeding females, and for thoserearingbroods (Gullion&Alm1983,Ruschetal. 2000 . Therefore, the absence of early seral stage forests appears to limit populations of this species (Rusch et al. 2000 , Dessecker & McAuley 2001 .
Although young seral stage forests are important habitats for ruffed grouse, forest stands used by ruffed grouse differ with respect to tree-species composition across their range. Conifer forests are important to the ruffed grouse in the eastern portion of its range, whereas aspen and mixed hardwood stands are more important throughout much of the rest of its range (Gullion & Alm 1983 , Thompson & Fritzell 1988 , Barber 1989 , Wiggers et al. 1992 ). These range-wide differences in habitat use may be related to regional availability of snow roosts and alternative cover during the winter (Thompson & Fritzell 1988) . Gullion (1984) showed that different age classes of aspen stands, particularly quaking Populus tremuloides and bigtooth P. grandidentata, are used by grouse for different purposes in Minnesota (Gullion & Alm 1983) . Therefore, Gullion (1984) advocated managing for grouse by interspersing small (, 4 ha) patches of aspen at various age classes across the landscape. However, Gullion(1990:183) laterhypothesizedthatruffed grouse could attain relatively high densities in ''…as-sociation with pine plantations'' in northern Minnesota if aspen comprised at least 10% of these plantations. However, he did not provide specific information on the structure (i.e. basal area and tree density) of non-aspen stands that were used by ruffed grouse. In addition, we could find only one study occurring in the southern portion of the ruffed grouse's range (Wiggers et al. 1992 ) that quantified forest structure using stand attributes and could be easily incorporated directly into silvicultural prescriptions. To provide easily interpretable management guidelines for ruffed grouse, we quantified specific forest characteristics (e.g. tree density and basal area) associated with ruffed grouse drumming display locations in aspen, pine (red pine Pinus resinosa, jack pine P. banksiana and white pine P. strobes), and white spruce Picea glauca/balsam fir Abies balsamea forest stands using tree stocking guides (hereafter TSGs). TSGs are tools commonly used by foresters for developing and maintaining stand silvicultural prescriptions (Gingrich 1967 , Ernst & Knapp 1985 .
Study area
We conducted our research on the Cloquet Forestry Center (CFC) in northeastern Minnesota, USA (46u31'N, 92u30'E), which encompassed 1,352 ha. The climate was warm and humid during the summer, and cold and dry during the winter (Tester 1997) . Average annual precipitation was 800 mm during 1972-2002, with most (64%) precipitation falling during the growing season (May-September). The average daily low temperature during January between 1972 and 2002 was -18uC and the average daily high temperature in July was 27uC. CFC had little topographic relief, with elevations ranging within 374-394 m a.s.l.
CFC was characterized by a complex mosaic of forest-types, age classes, stand structures and other vegetation types (e.g. open fields and wetlands). Approximately 70% of CFC was upland forests and clearings, whereas 30% was lowland habitat (e.g. bogs and forested wetlands). Pine (mostly red and jack pine) and aspen were the dominant forest types, covering 28 and 16% of CFC, respectively. White spruce, balsamfir, redmaple Acer rubrum, paperbirch Betula papyrifera, tamarack Larix laricina, and red oak Quercus rubra were also common tree species throughout the forest. Beaked hazel Corylus cornuta was the dominant shrub cover in closed-canopy forests. Other common shrubs included Juneberry Amelanchier spp., pin cherry Prunus pennsylvanica, chokecherryP.virginiana,andalderAlnusspp.Ruffed grouse inhabited most forest zones, particularly aspen, where they used all age classes and stem densities.
Methods
Ruffed grouse display by drumming from a structure such as a log or a rock (Bump et al. 1947 , Rusch et al. 2000 . These drumming display sites (structures) represent activity centres, and males confine much of their activity to within 2.5 ha of a primary and one or more alternate drumming structures throughout the breeding season (Archibald 1975) . Primary drumming structures represent the site used most consistently throughout the spring, whereas alternate sites are used only occasionally (Gullion 1967 ). We conducted drumming surveys to locate display sites that were occupied by ruffed grouse during the spring breeding season (April-early June). Male and female ruffed grouse share the same habitats during the winter and early spring breeding periods. Thus, the area surrounding the drumming log represents habitat for both sexes during the physiologically stressful winter and early spring seasons (Gullion & Alm 1983) . Radio-telemetry studies indicate that survival rates of ruffed grouse are lowest and predation rates highest during these seasons (Lauten 1995) . Thus, providing habitat for drumming male ruffed grouse benefits the entire population. Our sampling units for this study were all the grouse activity centres (N 5 110) on CFC.
We conducted drumming surveys along nine permanent transects that provided complete survey coverage of the study area. We conducted 15 surveys along each transectbetween1 Apriland 13 June, 2002 June, -2005 . We divided the 15 surveys into three short-duration (i.e. 5-day) periods based on the robust design, which allowed confidence that we sampled most of the population (Zimmerman & Gutiérrez in press) . Surveys consisted of walking along transects while listening for drumming males. We alternated the direction travelled along each transect between successive surveys. We located and mapped all drumming birds and their display structures using binoculars, a compass and GPS. If the grouse flushed before being located, we searched for accumulations of faecal droppings that indicated heavy use of a drumming structure (Gullion & Marshall 1968) .
We estimated tree density and basal area at every drumming structure and within every upland forest stand not used by grouse on CFC using a variable plot procedure with a wedge prism (Husch et al. 2003) . The variable plot procedure entails sampling trees based on their diameter and distance from the plot centre. This technique allows estimation of tree density and basal area on a per hectare basis for each sample point (Husch et al. 2003) . At each sample site we measured: 1) basal area of all woody vegetation $ 5 cm diameter at a height of 1.37 m, 2) diameter at 1.37 m of each tallied tree, and 3) several additional variables quantifying shrub density and drumming structure characteristics.
Tree stocking guides (TSG)
Common objectives of forest management are timber production, wildlife habitat and recreational activities. Maximizing management returns could include maximizing species numbers, hunting opportunities or financial gains from timbersales.Forest managers attempt to maximize these returns by encouraging aspects of natural stand development that meet management objectives. TSGs are common tools used by forest managers in North America and Europe because they illustrate two important measures of stand density: tree density (stems/ha) and basal area (m 2 /ha; Ernst & Knapp 1985) . TSGs are plots of basal area against tree density for different diameter size classes (Fig. 1) . The different diameter classes areoftenusedasasurrogateforageclassbecauseolder trees usually have greater diameters. Absolute tree density is not useful for management because density is known to vary by stand age and species composition. Thus, reference stocking levels are needed to chart stand growth, given stand age and species composition (Ernst & Knapp 1985) . The two most common frames of reference used in TSGs are called the A-and B-lines. The A-line (see Fig. 1 ) represents the zone of maximum tree density where self-thinning occurs for a given diameter class and species. Stands that are above the A-line are considered to be 'overstocked' and tree density is sufficiently high so that natural mortality and competition can lead to a net negative growth rate of the stand. The B-line represents the zone where full site occupancy and complete canopy closure occurs for a given diameter class. Densities below the B-line result in open spaces within the canopy. Foresters thin stands to maintain them between the A-and B-lines. The relative position of the stand, based on basal area and tree density, within the A-and B-lines depends on management objectives. We recreated a published stocking guide for aspen, pine and spruce/fir forests. We constructed theA-lineusingdataonredpine(Benzie1977),spruce/ fir (Frank & Bjorkbom 1973) and aspen (Perala 1986 ). We constructed the B-lines for red pine, balsam fir, white spruce and aspen using equations for the crown dimensions of trees grown in open areas free from competition (Ek 1974) . Spruce and fir are of-ten managed together, and we could find no published A-line that considered these species separately. However, the crown dimensions for these two species are different, which would affect the equations used to estimate the B-line. Thus, we estimated a single Aline for the spruce/fir category and separate B-lines for spruce and fir tree species. We constructed these lines to project ruffed grouse habitat characteristics onto these charts (see below) to provide easily interpretable management guidelines for this species. Although we used a hardwood stand class (mix of birch, maple and aspen) in the analyses below, we did not include hardwoods in our TSG, because these are not actively managed at CFC.
Statistical analyses
We estimated characteristics of grouse habitat that would be useful for grouse management by: 1) specifying a priori hypotheses (models) to assess whether tree density and basal area differed by site use category (i.e. primary drumming structure, alternate drumming structure or unused site) or forest type (pine, aspen, spruce/fir or northern hardwood; Table 1 ), 2) then we estimated the parameters of the models using multiple linear regression (PROC GENMOD in SAS), 3) ranked the models using a small sample adjustment of Akaikes's Information Criterion (AIC c ; Burnham & Anderson 2002) , and 4) retained the highest-ranked (lowest AIC c ) model to estimate tree density and basal area to add to the ruffed grouse TSG. Once we calculated tree density and basal area from the best model, we plotted these estimates on the TSG to indicate the management zone for ruffed grouse. Because goshawks Accipiter gentilis commonly prey upon ruffed grouse in our study area (Gullion 1981b) , we also plotted tree density and basal area measured at goshawk foraging locations using data collected by Boal et al. (2005) .
A priori models
We identified five a priori hypotheses; each of these hypotheses was evaluated using tree density as the response variable and each was also evaluated using tree basal area as the response variable (i.e. we conducted two sets of modelling). Because our objective was to plot tree density and basal area of ruffed grouse locations directly onto a TSG, we used our modelling to derive estimates of tree density and basal area. That is, our response variables were tree density and basal area (i.e. X and Y variables on the TSG). Thus, our approach differed from a modelling study where the objective is to differentiate between used and unused (or available) sites (i.e. a binary (0/1) response variable). Although we included 'used' versus 'unused' as a categorical predictor variable rather than a response variable, the confidence interval for the predictor variable still provided insight into whether we could distinguish between used and used sites. For example, if the 95% confidence interval for the parameter representing site classification (e.g. whether a site was used or unused) excluded zero, then we concluded that the response variable (basal area or tree density) differed among the site classification categories. We specified two models that predicted that tree density and basal area varied by site use classification (models #1 and #2; Tables 2 and 3 ). Model #3 (see Tables 2  and 3 ) predicted that tree density and basal area varied by forest type (i.e. aspen, pine, spruce/fir, northern hardwood, mixed hardwood/conifer and forested wetlands), but not by site use classification. Models #4 and #5 predicted that the response variables varied by site use classification and forest type. All predictor variables in the models were 0 or 1 indicator variables. For example, in model #4, sites were assigned a 1 if they were used by grouse, and a 0 if they were unused locations. For each of the forest type variables, we assigned a 1 for the forest type containing the location and a 0 otherwise. We included unused aspen sites as a reference for all habitat models. Thus, for model #4, we included an intercept, one variable for use and five indicator variables for six forest types. Because our sampling units were the activity centres, primary and alternate logs within an activity centre were not independent units (i.e. a unique grouse selected one primary and $1 alternate structure). To assess whether this dependency affected our results, we estimated each model using the full set (all primary and alternate logs) and then estimated all models using a reduced data set (a single primary log from each activity centre).
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Results
We located 220 ruffed grouse drumming sites from 2002 through 2005. We sampled vegetation at 301 unused locations in upland forest stands, which represented the complete stand inventory on the CFC. Most of the 220 drumming locations occurred in aspen stands, whereas most of the unused locations occurred in pine stands (see Table 1 ). Model selection results and assessment of parameters within the AIC c selected models were identical using the full (primary and alternate drumming logs) and reduced (a single primary log from each activity centre) data sets. Therefore, we concluded that the dependence among some of the logs did not bias our conclusions. We present all results based on the full data set because we were interested in assessing whether forest characteristics surrounding primary structures differed from characteristics surrounding alternate structures in ad- dition to assessing whether forest characteristics differed between used (i.e. primary and alternate sites pooled) and unused sites. Both tree density (see Table 2 ) and basal area (see Table 3 ) varied between used and unused sites, and amongst forest types. The best model (with the lowest AIC c ) for tree density indicated that used sites had greater tree densities than unused sites and that aspen stands had greater tree densities than other forest types with the exception of the spruce/fir type (95% confidence interval 5 -275.28, +71.86; Table 4 ). AIC c weights indicated strong support for this model because it was 2.8 times more likely than the second ranked model. The best model for basal area indicated that used sites had less basal area than unused sites, and that pine and spruce/fir stands had greater basal area than aspen stands (Table 5) . Model selection also indicated some support for differences in basal area between primary, alternate and unused locations (see Table 3 ).
The plots of the predicted tree density and basal area illustrated that grouse locations were characterized by greater stem densities and less basal area than unused sites in the three forest types (see Fig. 1 ). However, the 95% confidence intervals indicated that there was great overlap in tree density between the used and unused sites. Grouse locations were characterized by greater tree density and less basal area in aspen stands than in pine stands used by grouse. Tree densities and basal area surrounding grouse locations within spruce/fir stands werehighly variable and overlapped those measured at grouse locations within aspen and pine (see Fig. 1 ). The TSG indicated that grouse used younger aspen stands, which were in the middle of the 'target' management zone for aspen stands. Similarly, grouse locations in pine and spruce/ fir were also in younger stands, but close to the B-line.
In contrast, goshawks tended to forage in 'fully stocked' or 'overstocked' stands, which had larger diameter trees than was typical of trees in ruffed grouse habitat.
Discussion
Many researchers have studied ruffed grouse habitat (Rusch et al. 2000) . A unifying theme from ruffed grouse habitat studies is that stands characterized by high stem density are important for grouse drumming and breeding habitat (Dessecker & McAuley 2001) . However, most studies do not provide managers with guidelines for managing specific stand attributes to encourage ruffed grouse. Moreover, most published quantitative data from the upper Midwestern United States are based on data from aspen-dominated stands, which does not guide foresters who are managing conifer forests for other uses (e.g. timber production), but are also interested in providing some grouse habitat. We used ruffed grouse to demonstrate one technique that can be used to apply the results of wildlife research to management, and we present recommendations for grouse management in non-aspen forests. Our inferences apply directly to drumming and non-breeding habitat. Nesting females or females with broods may require different stand attributes (Rusch et al. 2000) . Nonetheless, ruffed grouse survival rates are the lowest during the winter and spring seasons (Lauten 1995) when both sexes use similar habitats (Gullion & Alm 1983) . Thus, managing for drumming grouse habitat is important to ruffed grouse populations.
Our data show that different management strategies should be applied to different forest types to encourage development of ruffed grouse habitat. The major effects of forest type occurred between the pine and aspen categories. Sites occupied by grouse within pine stands were characterized by a lower tree density and greater tree basal area than sites occupied by grouse in aspen stands. This difference is likely due to differences in the natural structure of pine and aspen trees (Thompson & Fritzell 1988) . Pine stands with lower density and higher basal area often have open canopies, which allow the development of a shrub component and small inclusions of aspen. A shrub component may provide cover requirements for ruffed grouse, and small inclusions of aspen may provide habitable microsite characteristics as hypothesized by Gullion (1990) . Consequently, grouse sites in pine and spruce/fir stands at CFC have stem densities and tree basal areas that are closer to the B-line, whereas aspen stands used by ruffed grouse occur in the middle of the aspen management zone (i.e. directly between the A-line and B-line). In contrast, data collected by Boal et al. (2005) indicate that goshawks commonly forage in older conifer stands that were fully stocked or overstocked (i.e. closer to the A-line). Generally, forest managers manipulate stands to be closer to the B-line when they are interested in faster growth of high-quality saw-logs and timber. Such manipulations entail various thinning techniques to reduce tree density, which: 1) allow harvest of some merchantable wood that would have been lost to mortality and 2) increase the resources available to subsequent diameter growth of the remaining trees (Smith et al. 1997) . Different thinning techniques include low thinning, crown thinning, row thinning or free thinning (Smith et al. 1997) . Low thinning removes trees from the lower crown class, which may be important cover for ruffed grouse (Boag 1976) . Row thinning removes trees in distinct rows, which could provide flight corridors to goshawks (Gullion 1981a) . Thus, we recommend that those interested in encouraging ruffed grouse in conifer stands use crown thinning or free thinning prescriptions. Free thinning, which removes trees to encourage individual crop trees, could be used as a tool to encourage the inclusion of dense understory vegetation necessary for drumming cover if small patches of conifers are removed in the process. We do not imply that our management recommendations for conifer stands would result in grouse densities similar to densities attained in aspen, but we do hypothesize that our proposed management strategies for conifer stands would result in higher grouse densities than would be possible under other strategies for conifer stands.
Wildlife research can greatly improve the quality of conservation programmes if the results of studies could be efficiently incorporated into management (Noss 1990 (Noss , Å berg et al. 2003 . We demonstrate in our analyses that wildlife (in this case ruffed grouse) habitat data can be incorporated directly into forest management plans by using traditional forest silviculture tools such as tree stocking charts. We encourage wildlife researchers to exercise considerable thought not only about collecting data that are ecologically interesting, but also collecting data that are easily interpretable by forest, rangeor other land managers.
